Here, we report on the ability of the biomass derived solvents ethanol and, in particular, n-butanol to fractionate lignocellulose into its main components. An organosolv system consisting of n-butanol containing 5% water and 0.2 M HCl at reflux was found to remove effectively the lignin and hemicellulose components of lignocellulosic biomass leaving a cellulose pulp suitable for enzymatic hydrolysis to simple sugars. Using a hardwood beech pulp as an example, essentially complete conversion of the cellulose component to reducing sugars was achieved with a cellulase loading of 22 FPUg -1 . Analysis of the solubilised hemicellulose fractions revealed that they consist almost exclusively of alkyl xylosides and mannosides which could serve as valuable synthetic building blocks. Additionally, the mild conditions (<120 °C) and high alcohol content of the pre-treatment solvent suppressed lignin degradation reactions and allowed for the isolation of high quality lignins in good yields. Detailed HSQC NMR analysis of the isolated lignins revealed that they still contained large amounts of β-aryl ether units, especially α-ethoxylated and α-butoxylated β-O-4 units, making them particularly suitable for depolymerisation to mono-aromatic chemicals. This was demonstrated using a recently reported acidolysis method utilizing ethylene glycol which gave monomer yields of between 7.4 and 18 wt%. The yields for n-butanol lignins were at least four fold higher than those obtained from a current generation technical organosolv lignin under comparable conditions.
Currently, one of the most attractive bio-refinery products is cellulosic ethanol which can be produced from non-food crops and used directly as a fuel or chemical feedstock. 2 To produce cellulosic ethanol lignocellulosic biomass must first be converted to simple sugars (e.g. glucose) which are suitable for microbial fermentation. 11 This can either be through a one-step direct chemical conversion to simple sugars 12 or, more frequently, via a two-step process involving a pretreatment followed by enzymatic hydrolysis. The latter approach is particularly attractive as it can, depending on the pre-treatment process chosen, provide an opportunity to separate and then process each of the cellulose, hemicellulose and lignin fractions under optimised upgrading conditions.
Many methods exist for the pre-treatment of lignocellulose such as the 'sulfite pretreatment to overcome recalcitrance of lignocellulose' (SPORL), 13 ammonia, 14, 15 auto-hydrolysis, 16 dilute acid, 16 steam explosion 17 and alkali 18, 19 methods. However some of the most promising pre-treatment methods are based on organosolv pulping and whilst all the variations of this process are too numerous to discuss here, they have been thoroughly reviewed by Zhang et al. and Zhao et al. 20, 21 A common feature of most organosolv processes is that the lignocellulosic biomass is typically heated in the presence of a mixture of water and organic solvent, usually containing an acid catalyst. This process solubilises the lignin and hemicellulose components and leaves an insoluble cellulose pulp suitable for enzymatic hydrolysis. Unfortunately, the harsh conditions that are often employed lead to extensive structural modification of the lignin components 22 which makes them difficult to valorise, especially by selective depolymerisation to aromatic monomers.
Recently, a number of research groups have demonstrated the selective depolymerisation of isolated lignins to aromatic monomers by targeting cleavage of the β-O-4 linkages (See Figure 1 for this structure). [23] [24] [25] [26] [27] [28] [29] Whilst this linkage is the most abundant one in native 30 lignins, 31 it is also the most labile and therefore not present in large quantities in most industrial (technical) lignins. 22 Thus, if the selective depolymerisation of lignin to aromatic chemicals in good yields is to be realised, either new chemical methodologies must be developed to deal with highly condensed and recalcitrant industrial lignins (for which there is certainly a great deal of interest), or new pretreatment methods are needed which lead to less lignin degradation or process the lignin in-situ. [32] [33] [34] In this study we report on the use of high alcohol content mixed solvents as efficient lignocellulose pre-treatment media with the potential to enable complete biomass valorisation. We show that the use of high percentages of butanol at relatively low temperatures delivers three clean fractions consisting of a cellulose pulp (that we show is suitable for cellulose processing); depolymerised hemicellulose (that is convert to xylosides/mannosides in almost pure form) and surprisingly homogeneous lignin fraction that retains a high β-O-4 content and is suitable for use in recently established controlled lignin depolymerisation strategies.
Background
The most commonly encountered organosolv conditions use aqueous ethanol containing a large proportion of water (ca. 40-50%) and optionally a small amount of sulfuric acid (0.1-2%) as catalyst at ca. 160-200 o C. 20 Arguably, the best known process is referred to as the ALCELL process developed by Repap Enterprises Inc. which gives rise to the well-known Alcell lignin. 35 Under these organosolv conditions most of the hemicelluloses are depolymerised and solubilised together with the lignin components. 36 Unfortunately the lignin isolated at the end of these processes has typically undergone extensive degradation. Although the structure of such lignins is still not well understood, the observation of a significant decrease in β-O-4 linkages after isolation compared to native lignin suggests that one of the main pathways for this degradation is through cleavage of this linkage (Scheme 1, Path A). [37] [38] [39] This likely proceeds via acid catalysed formation of a benzylic cationic intermediate 2 which can then undergo loss of a proton and hydrolysis to yield Hibbert ketones 3 or a retro-Prins reaction followed by hydrolysis to give homobenzaldehydes 4 and formaldehyde. In the case of 4 the generated aldehydes can potentially undergo condensation reactions leading to extensive C-C bond formation. In addition trapping of the benzylic cations by the electron rich aromatic groups in lignin is possible leading to further C-C bond formation giving structures such as 5.
40, 41
One solution to this problem, which we explore here, is to increase the proportion of alcohol in the pulping solvent to promote in situ trapping of the reactive cationic intermediate by the alcoholic solvent (Scheme 1, Path B) to give α-alkoxy-β-O-4 units 6. These units are: i) more stable under acidic conditions than the native β-O-4 linkage and therefore degradation and condensation reactions are suppressed and ii) modify the lignin solubility overcoming the need to have a solvent with a Hildebrand parameter of ca. 22 MPa 1/2 which is normally required for efficient delignification. 9, 42, 43 Scheme 1 Lignin reactivity under acidic organosolv pre-treatment conditions. In pulping solvents with high water content hydrolysis reactions dominate (Path A) leading to Hibbert ketones (e.g. 3) and reactive aldehydes (e.g. 4) as well as possible electrophilic aromatic substitution reactions (5) . In high alcohol pulping solvents the reactive benzylic cations are trapped by the solvent (Path B) giving benzylic ethers (e.g. 6) which suppress further degradation.
Results and Discussion

Pre-treatment and Lignin Isolation
In this study we initially focussed on the use of ethanol as the pulping solvent. HSQC NMR analysis of their isolated lignin clearly indicated significant incorporation of ethanol at the benzylic position of the β-O-4 linkages with little other apparent degradation, although unfortunately no quantification of the β-O-4 linkages per 100 C 9 units was attempted. As delignification is a strong indicator of a substrates susceptibility to enzymatic hydrolysis 45, 46 we decided to investigate the pre-treatment of a range of lignocellulosic materials under similar conditions. In particular we used beech (hardwood), Douglas fir (softwood) and walnut shell (endocarp) substrates which are complementary to the previously studied herbaceous Miscanthus giganteus. Woody biomass sources such as these are potentially important biorefinery feedstocks which possess a high energy density, do not compete for agricultural land and can be harvested year round. 47 Pre-treatment using 95% ethanol containing 0.2 M HCl at reflux for 6 hours with these substrates initially proved disappointing ( 48 and highlights the more challenging nature of such feedstocks.
In order to overcome this recalcitrance we considered the use of higher temperatures. To achieve this we investigated the use of n-butanol as a higher boiling point, but still bio-renewable, replacement for ethanol. Although, a great deal of focus is currently placed on bio-ethanol production, bio-butanol has several major advantages over ethanol such as higher energy density, lower water absorption and better blendability with current fuels. 49 Even though industrial biobutanol production is still in its infancy compared to bioethanol, several companies are actively developing this technology 50 potentially making it an important renewable feedstock in the future and therefore a potentially interesting pulping solvent. 41 By making this change, the isolated yields of lignin improved dramatically whilst the corresponding pulp yields fell significantly (Table 1 , entries 2, 5, 8). The isolated yield of lignin from beech and walnut shell was significantly higher than from Douglas fir based on the previously reported Klason lignin content of these feedstocks, accounting for 84, 97 and 61 wt% of the Klason lignin respectively (again uncorrected for n-butanol incorporation). This likely reflects the greater general recalcitrance of softwood feedstocks. 48 In addition the lower pulp yields obtained in these pre-treatments indicate that efficient solubilisation of hemicelluloses probably occurs during the process. Using ethanol at elevated temperatures in a sealed system gave similar pulp but consistently lower lignin yields (Table  1 , entries 3, 6 and 9), although this procedure introduces the added complexity of having to run the process under elevated pressures.
Based on proposed structural models of woody biomass where the hemicelluloses and lignin form an intimate matrix (lignin-carbohydrate complex) around the cellulose fibres 54 (see Figure 1 ) it seems likely that the efficient solubilisation of the hemicelluloses is very important during the pretreatment process to allow for high levels of delignification under mild conditions. Without it, solvent access to lignified tissues becomes blocked by insoluble carbohydrates preventing lignin solubilisation (and vice versa).
Interestingly, significant defibration 55 of the biomass samples was only observed after n-butanol and high temperature ethanol pre-treatments ( Figure S1 ). This is consistent with the loss in structural integrity of the wood fibres after removal of both the lignin and hemicelluloses leading to mechanical deconstruction of the wood particles under the stirring conditions of the extractions. a Lignin yield refers to the dry mass of the recovered water insoluble material isolated after concentration and precipitation of the organosolv liquor in water. Wt% is relative to the total mass of the initial biomass.
Pulp Characterisation
In order to better understand the compositional changes occurring during the pulping process a 2D HSQC NMR study was undertaken. The development and use of 2D NMR methods to analyse whole plant cell walls has been pioneered over the last decade by a number of research groups, [59] [60] [61] particularly by Ralph et al. [62] [63] [64] One of the challenges of such methods is the successful solubilisation or swelling of the biomass materials which normally requires extensive planetary ball milling of samples prior to analysis and/or preparation of costly per-deuterated ionic solvents. To overcome this in this study we have made use of the AcBr/AcOH reagent mixture to solubilise and derivatise all the cell wall components prior to NMR analysis without the need for extensive planetary ball milling. This mixture is well known to solubilise lignocellulosic materials and is commonly used for the determination of lignin content or 'derivatisation followed by reductive cleavage' (DFRC) analysis. [65] [66] [67] For this analysis beech wood was selected as a model substrate as it has previously been identified as a potential European biorefinery feedstock 68 and has been used in a number of other pretreatment studies. 56, 69, 70 The results of this study are presented in Figure 2 .
In the analysis of the native wood cell walls, cellulose and hemicellulose derived components are clearly visible, as are the remarkably well resolved lignin signals (Figure 2A ). During the AcBr/AcOH treatment it appears that xylan, the main hemicellulose present in beech, 56 is efficiently depolymerised to give aceto-bromo-xylose as the major product (see cross-peaks labelled as X in Figure 2 ). Similarly, cellulose also appears to undergo extensive depolymerisation, though less so than xylan, liberating minor amounts of aceto-bromo-glucose (see cross-peaks labelled as GI in Figure 2 ). Under the same conditions lignin is known to undergo selective bromination at the benzylic positions and acetylation of the hydroxyl groups. 71 For the β-O-4 linkages this is an exceptionally clean reaction and signals corresponding to the modified linkages (structure A in Figure  2 ) are clearly visible in the HSQC spectrum. Additional minor resonances could also be assigned to modified β-β linkages (C'') which have previously been proposed by Ralph et al. 72 and which we have now confirmed through the synthesis and analysis of relevant model compounds (see ESI and Figures S2-S4) . A similar analysis of the pulp obtained following n-butanol organosolv treatment revealed several striking differences ( Figure 2B ). First, the pulp appears to be almost completely delignified, with only trace amounts of the lignin S 2, 6 and OMe signals visible at lower contour levels. Second, xylan derived signals are also significantly decreased in the pulp. A semi-quantitative analysis indicated reductions of 97% and 88% for lignin and xylan derived components respectively relative to the cellulose derivatives, consistent with the observed pulp yields. This can be seen in the difference spectrum ( Figure 2C , spectrum B -spectrum A) where, having nulled the cellulose derived components, the lignin and xylan derived resonances are clearly visible. As our 2D NMR analysis confirmed that n-butanol pre-treatment effectively removes lignin and hemicelluloses, which are both indicators of enzymatic digestibility, 45, 73, 74 we decided to investigate the enzymatic hydrolysis of the obtained beech pulp (Figure 3) . At a 5 wt% consistency and an enzyme loading of 22 FPU (filter paper units) per gram of Cellic® CTec2 (Novozyme, Denmark) the crude pulp (SH-C) gave a reducing sugar yield of 77 g per 100 g after 120 hours shaking at 50 o C. The rate of hydrolysis was significantly improved by pre-milling the pulp 75 (SH-G) to increase the enzyme accessible surface area resulting in a reducing sugar yield of 56 g per 100 g after 24 hours compared to 40 g per 100 g for the crude pulp, although final sugar yields only marginally improved to 82 g per 100 g. Combining pre-milling with mechanical stirring instead of shaking (ST-G) further improved the rate (82 g per 100 g after 24 hours) and final sugar yields (94 g per 100 g). The beneficial effect of stirring likely originates from further mechanical defibration of the pulp during the hydrolysis and is in line with previous reports on the beneficial effects of stirring in such systems, 56, 76 however the role of stirring in overcoming mass transfer limitations cannot be ruled out. This data clearly shows that n-butanol derived pulps are highly enzymatically digestible and therefore potentially relevant for biorefineries where the released monomeric sugars could be subjected to fermentation to bioethanol/butanol or used as starting materials for chemical synthesis. 
Hemicellulose Fraction
After isolation of the cellulose pulp and lignin, a water soluble fraction was obtained containing most of the hemicelluloses. For the most promising n-butanol pre-treatments these water soluble fractions were analysed by 13 C NMR (Figure 4 ). This analysis revealed that they were, in the case of beech ( Figure 4A ) and walnut shell ( Figure 4B ), composed almost exclusively of butyl-xylosides (as an anomeric mixture), whilst the Douglas fir extract contained butyl-mannoside (as one major anomer) as well as anomeric mixture of butyl-xyloside ( Figure 4C ). These compounds were identified by comparison with authentic samples prepared from D-xylose and D-mannose ( Figures S5 and S6 ) and correspond well to the known compositions of the hemicelluloses in these feedstocks. [56] [57] [58] Interestingly, such compounds are potentially valuable biorefinery products which have applications in the synthesis of bio-renewable surfactants and wetting agents which can have properties similar or superior to petrochemical derived products.
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Figure 4
13 C NMR analysis of the crude hemicellulose fraction (mixture of anomers) obtained after n-butanol pre-treatment of: A) Beech, B) Walnut shell and C) Douglas fir substrates.
Lignin Characterisation
The valorisation of the lignin stream from biorefineries is very important to balance the overall economics of the process. 79 As such, a detailed understanding of the lignin structure is required in order to understand its potential applications. Here we have characterised all the lignins obtained in this study using gel permeation chromatography (GPC) and 1 H- 13 C HSQC NMR which gives detailed structural and compositional information. The results of these analyses are summarised in Table 2 for all the lignins and graphically in Figure 5 for the beech lignins (see Figures S7-9 for 1 H- 13 C HSQC NMR analysis of all the lignins). For comparison purposes a beech technical ethanosolv lignin prepared using current ethanol organosolv pre-treatment conditions 80, 81 was also included in the analysis ( Table 2 , entry 1).
All the lignins isolated in this study were found to have undergone structural modification. Specifically, the α-OH group in the most abundant β-O-4 linkage became substituted by the alcohol solvent consistent with previous reports. 44 The extent of this substitution depends both on the chemical composition of the lignin, with G units being more reactive than S ( Table 2 , Entries 2 and 6 vs 9), and on the severity of the pulping conditions, with higher temperatures resulting in more extensive substitution (Table 2 , entry 2 vs 3). This modification is clearly observed in the 2D HSQC NMR spectra obtained for these lignins ( Figure 5 and Figure S10 ).
Other than extensive α-OH substitution, the obtained lignins are remarkably free from further degradation, particularly compared to the technical lignin (Table 2 and Figure 5) . A semi-quantitative assessment of the amount of β-aryl ethers revealed that in all cases large amounts of this type of linkage are retained (43-63 per 100 C 9 units compared to 17 for the technical lignin). As most selective lignin depolymerisation processes target cleavage of the β-aryl ether bonds this is a good measure of the potential of these lignins to undergo selective depolymerisation to aromatic chemicals. In addition, it was observed that the S:G ratio increased under more severe pretreatment conditions which correlated with a decrease in the number of β-5 linkages whilst the amount of β-β linkages remained quite constant.
GPC analysis revealed that all the lignins had relatively similar apparent molecular weights and polydispersities (see Figures S11-S13 for graphical comparisons) . However, it should be noted that this analysis does not adjust for differences in the degree and nature of α-substitution. (Table 2 , entries 1-4 for detailed analysis of spectra) and E) a native-like mild acidolysis ball milled lignin. E is include only for visual comparative purposes.
Lignin Valorisation
De-etherification
Although the relatively high β-aryl ether content of our lignins make them attractive targets for depolymerisation to aromatic chemicals, most current methods for this have been developed using 'native like' lignins, i.e. with α-OH groups in the β-O-4 linkages. In order to make our organosolv lignins compatible with such valorisation methods, we proposed taking advantage of the reversible nature of the α-etherification to transform our lignins into native-like lignins. We found that by treating our lignins under mild acidic aqueous organosolv type conditions (0.1 M HCl in 2:1 dioxane/water at 100 o C) the α-etherification could be reversed to give native-like lignins. We demonstrated this process on ethanol and n-butanol lignins obtained from both Douglas fir and walnut shell by analysis using 2D-HSQC NMR ( Figure 6 ). We found this process worked best for ethanol over n-butanol and Douglas fir over walnut shell lignins reflecting the lower initial degree of α-etherification in ethanol lignins (Table 2 ) and the greater reactivity in this context of G units compared to S units. In all cases a decrease in total β-aryl ether content was observed indicating some acid mediated degradation occurred during the reversal process. 
Direct Acidolysis to Monomers
Having demonstrated that our organosolv lignins could be converted into native-like lignins potentially suitable for further valorisation using known methods, 9, 10, 82 we considered if direct selective depolymerisation to aromatic chemicals may be possible. Given the demonstrated reversibility of the α-etherification under acidic conditions we investigated the use of a triflic acid mediated lignin depolymerisation method recently reported by Barta and de Vries et al. 25, 83 In this process triflic acid first promotes a retro-Prins reaction of the β-O-4 linkages, likely via a benzylic cation, to give an intermediate enol ether which then undergoes hydrolysis and in situ acetal formation to give P1-P3 (see Scheme S1 for more details). Initally, using Bi(OTf) 3 as a convenient alternative to triflic acid, 84 we found that our lignins were efficiently depolymerised to give the expected acetals in 1,4-dioxane in moderate to good yields without any need to carry out the reversal process on the lignin (Scheme 2, Figure 7 and Table S1 ). The highest yields of acetals (as determined by GC analysis) were obtained for ethanol extracted lignins with beech and walnut shell ethanol lignins giving 17 and 18 wt% yields of acetals respectively, whilst Douglas fir gave 11 wt% (Figure 7 ). This result is consistent with the 2D HSQC analysis which indicated beech and walnut shell lignins had slightly higher β-aryl ether content than the Douglas fir lignin (Table 2 , c.f. entries 2 and 5 with 8) and the fact that softwood lignins have higher amounts of acid resistant cross linking between aromatic units (i.e. 5-5 and 4-O-5 linkages). [85] [86] [87] The n-butanol extracted lignins followed the same pattern, although overall yields were lower which probably results from a combination of lower β-aryl ether content and higher amounts of α-butoxylation (Table 2 , c.f. entries 3, 6 and 9) which increases the molecular weight of the lignin. Comparison of the beech n-butanol lignin and a technical beech ethanol lignin showed that our n-butanol lignin gave approximately 4 times higher yield of the acetals monomers P1-P3, highlighting their potential value for the production of monoaromatic chemicals. Additionally, Bi(OTf) 3 could be replaced with cheaper and safer MsOH or TsOH with only a small drop in yield (Figure 7) . Interestingly, the yields of both P1 and P2 were almost identical using these acids compared to Bi(OTf) 3 and the decrease in overall yield was the result of reduced P3 production. Additionally, the improved solubility of our n-butanol lignins allowed us to explore 2-MeTHF as a somewhat greener alternative to 1,4-dioxane. 88 Acetal yields were found to be significantly lower when using this solvent, however it should be noted that native like lignins provide negligible acetal yields due to insolubility in 2-MeTHF . Scaling up this reaction to 1 gram of walnut shell ethanol lignin with Bi(OTf) 3 as a catalyst in 1,4-dioxane allowed for a combined isolated yield of 12.3 wt% of the P1-3 acetals after purification by column chromatography (see Materials and Methods section for more details). 
Conclusions
High alcohol organosolv pulping allows for the isolation of high quality lignins together with pulps possessing high enzymatic digestibility. The relatively high β-aryl ether content of the isolated lignins means that they are attractive targets for depolymerisation to aromatic chemicals. We have shown that they can undergo a mild processing step to give native-like lignins which are potentially suitable for use in a number of recently developed depolymerisation methodologies. We have also demonstrated that they can be used directly as substrates in existing methods for depolymerisation and significantly out-perform a technical lignin isolated using currently industrially relevant ethanolbased organosolv conditions. In addition, the hemicellulose fractions obtained from these pretreatments contain almost exclusively alkyl pentosides and hexosides which could prove to be useful chemical building blocks, particularly for the synthesis or bio-based surfactants.
The simple operation and resemblance to current organosolv processes means that it should be relatively straight forward to implement this pre-treatment strategy using existing technologies and infrastructure. Whether the extra expense of using an HCl catalyst, high alcohol solvents and/or nbutanol is economically viable will ultimately depend on the value obtainable from the hemicellulose and lignin fractions, as well as the efficiency of n-butanol recycling. 89 However, the data presented here certainly suggests the benefits could out weight the costs.
constant at 1 g per 10 mL of solvent. The samples were then heated at reflux with stirring for 6 hours under an ambient atmosphere. The samples were then allowed to cool and filtered. The solid residue was washed with ethanol (10 mL/g), air dried and then further dried under vacuum at 70 °C for 14 hours. The separated liquor was then concentrated in vacuo, taken up in acetone (ca. 1.5 ml/g of biomass used, 1 vol) and precipitated by dropwise addition to rapidly stirring water (20 vols The mild acidolysis ball milled beech lignin was extracted from ball milled beech wood using acetone/water (8:2) containing 0.05 M HCl at reflux for 1 hour. The liquor was filtered, concentrated and the lignin precipitated in water. The lignin was collected by filtration and air dried.
Enzymatic Hydrolysis
Enzymatic hydrolysis was carried out at 50 °C as follows: To a glass vial was added substrate (250 mg), pH 5.5 acetate buffer (5 mL, 50 mM containing 0.02 wt% NaN 3 ) and CTec 2 cellulase preparation (22 FPU). Shaken hydrolyses were conduction using a Buchi Syncore parallel synthesis reactor set at 300 rpm. Stirred hydrolyses were performed using a magnetic stirrer/hotplate. 100 µL samples were taken at 24, 48, 72 and 120 hours and the amount of reducing sugars released was determined using the DNS method relative to a glucose calibration curve.
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Hemicellulose isolation
The hemicellulose fraction was isolated by concentration of the water fraction following precipitation of the crude n-butanol lignin. The resulting viscose oil was then dried in a vacuum oven at 70 °C for 24 hours. Approximately 60 mg of the crude oil was dissolved in 0.6 mL of D 2 O for 13 C NMR analysis.
NMR Spectroscopy
For lignin NMR analysis 100-110 mg of lignin was dissolved 0.6 mL of d 6 -acetone.
Wood and pulp analysis: The sample for analysis (125 mg -ground <0.5 mm) is added to AcOH/AcBr (4:1, 10 mL) and heated at 50 °C with sonication (Ultrawave Q-Series ultrasonic bath) until a clear solution is obtained (approx. 3 hour). This was best achieved using the sonicator but the same result can be achieved using conventional heating and stirring over a longer time. The sample is then concentrated in vacuo (caution HBr fumes) and further dried under a stream of air for 15 minutes. The sample is then dissolved in d 6 -acetone (0.7 mL), centrifuged and then used for NMR analysis immediately. The samples cannot be stored for extended periods.
NMR analysis was performed on a Bruker Ascend 700 MHz or 500 MHz spectrometers equipped with CPP TCI and CPP BBO probes respectively following previously reported protocols. 92 Semiquantitative HSQC NMR analysis was performed using MestReNova 9.0 for lignins and TopSpin 3.1 (Windows) for cell walls. Graphical figures were prepared using Abobe Illustrator from spectra exported from MestReNova/TopSpin in the pdf format.
GPC Analysis
GPC analysis was carried out on a Shimadzu HPLC/GPC system equipped with a CBM-20A communications bus, DGU-20A degassing unit, LC-20AD pump, SIL-20A auto sampler, CTO-20A column oven and SPD-20A UV-Vis dectector. Samples were analysed using a Phenogel 5µ 50A (300 x 7.8 mm) and Phenogel 5µ 500A (300 x 7.8 mm) columns connected in series and eluted with inhibitor free THF (1 mL/min) with a column oven temperature of 30 °C. Samples (10 mg) were dissolved in THF (1 mL) and filtered (0.45 µm PTFE syringe filter) before analysis. Analysis was performed using the GPC postrun data analysis module implemented in Shimadzu's LabSolutions software.
Lignin De-etherification (reversal)
The lignin (200 mg) was dissolved in 1,4-dioxane/water (2:1, 5 mL) containing 0.1 M HCl and heated in a sealed vial at 100 °C (oil bath temperature) for 4 hours for ethanol and 6 hours for n-butanol lignins. After this time the lignin was recovered by precipitation in water (40 mL), collected by filtration and allowed to air dry overnight. Mass recovery for ethanol lignins was 60-70 wt%, for nbutanol lignins 55-60 wt%.
Lignin Depolymerisation
For GC analysis: lignin (100 mg) was dissolved in 1,4-dioxane (1.5 mL) containing ethylene glycol (100 mg). Bismuth triflate (5 mg) and n-octadecane (20 µL, 0.25 M in 1,4-dioxane, 0.005 mmol) was then added and the mixture heated at 150 °C (oil bath temperature) for 15 minutes in a sealed tube. The reaction was then cooled and concentrated in vacuo. The oily residue was then extracted with hot (ca. 70 °C) toluene (4 x 3 mL) and passed through a small plug of Na 2 SO 4 and then concentrated in vacuo. GC-FID analysis was performed on a solution of the concentrated samples in dichloromethane.
Preparative scale: walnut ethanol lignin (1.0 g) was dissolved in 1,4-dioxane (15 mL) containing ethylene glycol (1.0 g) and bismuth triflate (50 mg) was then added and the mixture heated at 150 °C (oil bath temperature) for 15 minutes in a sealed tube. The reaction was then cooled and concentrated in vacuo. The oily residue was then extracted with hot (ca. 70 °C) toluene (7 x 15 mL), dried with Na 2 SO 4 and then concentrated in vacuo. The oily residue was then dry loaded using a small quantity of silica on to a 10 g silica gel column and eluted using a gradient of 0-50% EtOAc/petroleum ether over 50 column volumes. Eluting first, P1 and P2 were obtained as a mixture as a light yellow oil (75 mg) followed by P3 as a light yellow/orange oil which solidified on standing as an amorphous solid (48 mg Gas chromatography with a flame ionisation detector (GC-FID) was performed using an Agilent 6890 series equipped with a 6890N FID, a HP5 column (30mx0.25mm) with 0.25 µm-film and using nitrogen as carrier gas. The standard method for analysis and quantification is a 1 µL injection, a split ration of 50:1, a nitrogen flow of 1 mL/s with a temperature profile starting with 60 °C 5 min isotherm followed by a 10 °C/min ramp for 20 minutes, finishing the ramp at 320 °C, a temperature that was held for 5 minutes.
